LNG-solid impacts with gas cushioning and phase change are investigated theoretically in a coupled inviscid liquid and viscous gas regime. Condensation from the gas to the LNG is driven by local increases in the gas pressure above the saturation vapour pressure. This is modelled as a sink term on the kinematic boundary condition at the gas interface. To leading order, the bulk liquid motion is unaffected by condensation, with its evolution governed by the same boundary integral equation used in models of non-volatile gas-cushioned liquid-solid impacts. The proposed model extends the approach used to describe two-dimensional non-volatile gas-cushioned impacts by incorporating phase change and is applied to a range of physically relevant LNGsolid impacts associated with sloshing. As an LNG free-surface approaches touchdown with a solid wall, a gas pressure build-up occurs in the gap separating liquid from solid, which decelerates and deforms the liquid freesurface. This deformation of the free surface may result in gas entrapment. In non-volatile impacts, pockets of trapped gas are associated with oscillatory pressure signals, while previous experiments have shown that these oscillations may be damped by phase change in impacts involving volatile liquids. Compared to impacts with non-volatile liquids, gas condensation is shown to reduce both the impact pressures and the volume of gas trapped. Depending on the impact parameters, the proposed model differentiates between cases where a pocket of trapped gas may or may not be formed. A criterion on the critical normal impact velocity above which gas entrapment is not expected is obtained. This indicates that across a range of length scales that are physically relevant to LNG sloshing, gas entrapment is not expected for impact velocities greater than 0.05 m s −1 . Impacts where gas compressibility is important are investigated, as well as impacts into corners of containment tanks with varying angles. The model developed is suitable for the analysis of small and medium-sized LNG-solid impacts, as well as larger-scale sloshing model tests involving impacts of water cushioned by water vapour. The importance of inertia in the gas is identified in larger scale impacts.
Introduction
The transport of liquefied natural gas (LNG) by ship occurs at atmospheric pressure, when the LNG is close to thermodynamic equilibrium with its gas phase. The resulting storage temperature of −163
• C poses many challenges for the structural containment of LNG, as the walls of the containment tank are constructed out of plywood [6] , to improve the thermal insulation of the tank. Sloshing of LNG induced by global ship motions produces violent impacts between the LNG and the tank walls. During an inspection frequently applied to smaller scale phenomena. The pressure and temperature associated with LNG storage conditions and the closeness of thermodynamic equilibrium, indicate that phase change is likely to occur in LNG impacts. Except for Leidenfrost droplet impacts [see e.g. 33], phase change is not commonly associated with other liquid-solid impact applications. However, it can have a marked impact on LNG impacts, where experiments have shown that phase change may damp the pressure oscillations associated with non-volatile gas cushioning [26, 41] . This damping is due to pressure increases driving vapour condensation, while pressure decreases result in LNG vaporisation. Hence rather than periodically compressing and expanding a fixed mass of trapped gas during an impact, the gas can change phase. If condensation reduces the volume of a gas cavity formed in wave impacts with a vertical wall, then following the classification of [23] , the occurrence of mode (a) flip-through events (which do not involve entrained gas), is expected to increase, while mode (b) and (c) events (which involve the gas phase), will be less prevalent.
Unlike the two-dimensional model presented herein, theoretical analyses of LNG-solid impacts with phase change have previously been restricted to extensions of the one-dimensional piston model of breaking wave impact of Bagnold [7] . Extensions of the piston model, due to Braeunig et al. [8] and Ancellin et al. [5] , include phase change between gas and liquid, and predict the damping of the pressure signal observed in experiments. However, in these models the local impact structure and flow behaviour is lost. In the current paper, the phase change in gas-cushioned LNG impacts will be investigated by extending the viscous gas and inviscid liquid impact cushioning model of Smith et al. [35] . Recently, this distinguished limit has more often been used to model smaller scale gas-cushioned droplet impacts [27, 19] . However, Smith et al.
[ 35] envisages the use of this model in larger scale impacts. The coupled viscous gas with inviscid liquid limit differs from the earlier impact cushioning model of Wilson [37] , who looked at inviscid gas cushioning for liquid-solid impacts with more inertia than those considered here. In both the viscous and inviscid gas cushioning models, as liquid approaches touchdown with a solid surface, a pressure build-up in the gas region separating the liquid from the solid wall is predicted. This increased pressure decelerates the liquid, delaying the instant of initial touchdown beyond the time predicted in the absence of cushioning. The deceleration and subsequent deformation of the liquid free-surface results in the formation of a trapped gas pocket, as the free surface close to the initial point of minimum separation is overtaken by the surrounding free surface.
For non-volatile cushioning, the viscous gas and inviscid liquid limit gives rise to scaling laws, which predict the horizontal and characteristic vertical extent of the trapped gas pocket. Excellent agreement with these scaling laws has been obtained in both drop tests [20] and droplet impacts [22] . The model of Smith et al. [35] has been extended to three spatial dimensions [19] , and to include surface tension [32, 27, 13] , gas compressibility [20] , and rarefied gas effects [14] .
The extension of the viscous gas and inviscid liquid cushioning model to incorporate phase change will be accomplished by drawing on ideas associated with the evaporation from, and condensation into thin liquid films [see e.g. 9, 28, 38] . In the context of volatile LNG impact cushioning, this results in a mass flux from the vapour film into the liquid, induced by a local vapour pressure in excess of the saturation vapour pressure.
The details of the incorporation of phase change in the viscous gas and inviscid liquid cushioning model are described in §2. Section 3 uses the resulting model to investigate flow configurations in sloshing that are associated with gas cushioning, while §4 contains conclusions and further discussion.
Model development
The LNG and gas cushion are both assumed to behave as isothermal fluids, with a common temperature ofT = −161.48
• C, which is the saturation temperature of methane at standard atmospheric pressure. LNG is a mixture of hydrocarbons and other trace elements, with composition varying in different oil and gas fields. However, roughly 90% of LNG is methane, and consequently, unless otherwise stated, fluid properties of pure methane are used. The gas phase is assumed to behave like an ideal gas, with the gas pressurep g , and densityρ g , related byp
Here the specific gas constant of pure methane R g = 518.3 J kg −1 K −1 . During storage and transport, the gas phase may also include compounds other than methane. However, for simplicity, cushioning of liquid methane is investigated in a pure methane gas environment. Previous studies of gas compressibility have predicted gas temperature increases due to adiabatic vapour compression [27] and viscous dissipation [20] .
However, these temperature increases are typically quite small and will consequently be neglected.
In common with most studies of violent liquid impact, body forces due to gravity are neglected in the momentum balance, as the characteristic Froude number for such flows is large. In this case the mass and momentum conservation for a compressible Newtonian fluid are governed by the Navier-Stokes equations
Here the velocityũ = (ũ,ṽ) in directionsx parallel to a flat wall andỹ normal to the wall and pointing away from the liquid (see figure 1 ). The fluid viscosities, which are assumed to be constant, are denoted µ g and λ g , respectively. The timet is chosen such that in the absence of pre-impact cushioning, the initial touchdown occurs att = 0. In these equations, a subscript g denotes a property of the gas phase. Similar equations, with a subscript l denoting a liquid property, govern mass and momentum conservation in the liquid, except here liquid compressibility is neglected.
At the liquid-gas interface, the kinematic boundary condition reads
while the normal stress balance implies
and the tangential stress balance impliesn
Here we have assumed Marangoni effects on the free surface are negligible, whilê
are a unit normal vector (pointing into the gas), and a unit normal tangential vector to the liquid freesurfaceỹ =f x,t . These expressions relate the mass flux due to condensation, to the interfacial velocityũ i , the gas stress tensor T g , the liquid stress tensor T l , and the surface tension γ. In the normal stress balance, it is assumed that terms corresponding to vapour recoil and also to the work done by both compression and viscous dissipation can be neglected.
The condensation mass flux
wherep e T l is the saturation vapour pressure, and σ g and σ l are the accommodation constants for the gas and liquid phases [29] . Appropriate values of σ g and σ l are still debated [see 31]. However, in the following we assume they are equal and take the value one. Non-unity accommodation constants can be readily considered through modifications of the non-dimensional parameter values. Equations of this type are often used when modelling evaporation and condensation from a thin liquid layer coating a flat surface, when the saturation vapour pressure is linearized for small variations in temperature [9, 28] . However, if the flow is isothermal, then both the gas and liquid temperatures equal the constant temperatureT , and hence the saturation vapour pressurep e T is also constant. In this case condensation is driven by the local gas pressure induced by cushioningp g , exceeding the vapour saturation pressurep e T . This differs from classical analyses of evaporation from a thin liquid film, where (for one-sided models), the ambient gas pressure is constant, with evaporation induced by a heat flux through the liquid, which raises the surface temperature of the liquid film.
Non-dimensionalization and model simplification
For an impact with characteristic normal liquid velocity V and length scale R, which is chosen to be the radius of curvature of the liquid free-surface close to the point of initial touchdown, non-dimensional lengths and velocities in the liquid are defined to be
while in the gas these quantities and additionally a non-dimensional gas density is defined to be
Here ε is a small parameter, whose value will be determined subsequently. This small parameter is used to focus the analysis on a small region of liquid (of size εR by εR), and a small region of gas (of horizontal size εR and vertical size ε 2 R size), close to the point of touchdown. It is expected that the gas pressure build-up is only strong enough to cushion and deform the liquid free-surface in these coupled regions. Cushioning behaviour occurs when the vertical height of the gas layer is much smaller than the horizontal extent of the cushioning region, as gas confinement is required to generate the necessary pressure build-up. Consequently, the characteristic vertical height of the gas layer is smaller (by a factor of ε), than its horizontal extent. The fluid velocities are all scaled by the characteristic impact velocity V , except for the horizontal gas velocity, which is faster (by a factor of ε −1 ), to conserve the mass of gas in the small aspect ratio gas layer. The characteristic scale for the gas density [ρ g ] =p e T /R gT , is determined from the ambient pressure and temperature.
Common to both the liquid and the gas; a non-dimensional time, free-surface position, solid-body position, pressure and condensation flux are defined, satisfying
The characteristic time scale is the time it takes for the liquid free-surface (with characteristic velocity V ), to traverse the ε 2 R height of the gas layer in the absence of cushioning. The scaling of the free-surface height and the body position naturally match the vertical scaling of the gas layer, as these two interfaces mark the vertical boundaries of the gas. A characteristic pressure scale ρ l V 2 /ε, is employed in both the liquid and gas to retain the pressure in the liquid momentum equation. A common pressure scale in both liquid and gas is necessary for cushioning, as the liquid evolution is unaffected by a gas pressure smaller than this.
The characteristic scale for the condensation mass flux [ρ g ] V , is motivated by a balance between and the difference between the gas and interfacial velocities in the kinematic boundary condition (3).
For ρ l / [ρ g ] 1 and ε 1, the leading-order kinematic boundary condition for the liquid is
while the corresponding leading-order kinematic boundary condition for the gas is
Here the disparate horizontal and vertical gas velocity scales resolve to give no-slip conditions for the gas on both the gas-liquid and gas-solid interfaces. To leading order, the boundary conditions on the liquid are identical to the non-volatile case, with phase change only entering the problem through the boundary condition on the gas. The condensation mass flux (7) becomes
where the reciprocal of the condensation number
The size of ε is determined by balancing the pressure gradient with the largest viscous term in the horizontal component of the momentum equation in the gas (2b), which gives
the gas is negligible for I 1. Additionally, if ε 1, then from equation (2), the leading-order behaviour of the gas is given by
∂y 2 = 0, and
Here the final equation, corresponding to vertical momentum conservation, implies p g = p g (x, t), so that the gas pressure is constant across the gas film. Upon employing no-slip conditions on the boundaries of the gas film, the horizontal velocity in the gas film
The ideal gas equation implies
where the non-dimensional parameter κ = ρ l V 2 / εp e T , measures the ratio of the dynamic pressure induced in the gas by the liquid motion, to the ambient gas pressure. If κ 1, then the induced pressure is much smaller than the ambient gas pressure, and hence to leading order the gas can be considered incompressible. Conversely for κ = O(1), the pressure induced in the gas by the liquid motion is equal to the ambient gas pressure, and hence gas compressibility is integral to the leading-order cushioning behaviour.
The condition κ 1, gives rise to a condition on the characteristic impact velocity [27] :
for impacts in which the gas may be assumed to be incompressible.
If ε 1 and the liquid Reynolds number Re l = ρ l V R/µ l 1, then the leading-order liquid behaviour is governed by the linearized Euler equations
Given the boundary condition (11) on the liquid free-surface, the free-surface acceleration can be related to the pressure gradient along the free surface, through [37, 35] 
At leading order, the normal stress boundary condition (4), connects the pressure in the liquid to the pressure in the gas at the free surface, through
where the non-dimensional parameter Γ = εγ/ ρ l V 2 R , which is the reciprocal of the reduced Weber number. This quantity measures the importance of surface tension relative to inertia in the LNG. To assess how the model parameters for LNG vapour-cushioned LNG impacts and also for the water vapour-cushioned water impacts of [26] differ from the corresponding model parameters associated with the more widely studied problem of air-cushioned water impacts, figure 2 shows the values of Γ, κ and I as functions of the characteristic normal impact velocity V for (a) LNG impacts at −161. For any given V and R, the values of Γ and κ are slightly smaller in an LNG impact than in both the equivalent water-water vapour and water-air impacts, indicating that surface tension and gas compressibility are less important in LNG impacts. To investigate the influence of phase change and gas compressibility in impact cushioning, terms in the model involving C and κ will be retained, while terms involving surface tension will be neglected. Gas compressibility is retained while surface tension is neglected, because gas compressibility becomes more important at higher impact velocities, while surface tension is less important (see figure 2 ).
Parameter investigation and coupled model equations
The value of the gas inertia parameter I in an LNG impact significantly exceeds the corresponding value in either a water-water vapour or a water-air impact, and hence gas inertia is more important in LNG impacts. This is primarily because the gas-liquid density ratio of methane at −161.48 • C is larger than both the water-water vapour density ratio at 100
• C and the water-air density ratio at 25
• C. For V = 0.05 m s For LNG impacts, the modelling assumption that I 1, means that impacts of LNG droplets and impacts of LNG jets running up tank walls into tank corners ( figure 1(a-b) ), may be investigated. However, only small breaking wave impacts, LNG impacts with the tank roof and LNG impacts trapping gas in the corner of the tank ( figure 1(c-e) ), may be studied without further developing the theory to incorporate inertia in the LNG vapour. Moderate inertia in thin fluid films may be incorporated by extending the theory of Sivapuratharasu et al. [34] , while extensions of the inviscid gas cushioning model of Wilson [37] may be appropriate in even higher momentum impacts. In both cases, the inherent extendibility of our phase change analysis would allow condensation to be incorporated in higher gas inertia LNG impacts. Our current aim is to understand the flow physics and effects of phase change, and consequently, only impacts satisfying I 1 will be considered, to isolate the effects of phase change from gas inertia.
Integrating the gas mass conservation equation (16a) from the gas-liquid interface y = f (x, t) to the solid wall y = s(x), and using equation (13) to eliminate the evaporative mass flux, gives rise to a modified
Reynolds lubrication equation of the form
For κ > 0 and f (x, t) < s(x), this gives a parabolic equation with which to update the gas pressure.
For Γ = 0, the normal stress balance (22) implies the liquid and gas pressure are equal across the interface, and hence the free-surface position and gas pressure are additionally coupled using equation (21) . The evolution of this coupled system of equations, from an initial free-surface profile of f (x, t) = − 1 2 x 2 − t and gas pressure of p g (x, t) = 0 at large negative times, is computed numerically using the method outlined in Hicks & Purvis [21] . Throughout the impact f (x, t) ∼ − 1 2 x 2 − t and p g (x, t) → 0 as |x| → 0. While a range of initial undisturbed free-surface shapes could be chosen, the particular function of f (x, t) used for large negative times, is consistent with an initially circular free surface, which is then scaled with the disparate horizontal and vertical length scales in the gas, to approximate locally the LNG interface. Figure 3 illustrates the evolution of the liquid free-surface (top) and pressure (bottom), for (a) C = 0, (b) C = 2 and (c) C = 4. Profiles corresponding to the grey shaded areas in figure 1 are shown for κ = 0, indicating gas compressibility is neglected, in addition to gas inertia and surface tension, while the wall position s(x) = 0. In (a), the non-volatile case (C = 0), there is a pressure build-up in the gas layer as the liquid free-surface moves upwards towards the tank wall. This pressure build-up causes the liquid freesurface to decelerate. This deceleration of the free surface is initially greatest where the separation between the liquid and wall is least, i.e. at x = 0. Eventually the surrounding free-surface, which is decelerated less, overtakes the free surface at x = 0, trapping a pocket of gas between the liquid free-surface and the tank wall. As the point of minimum separation between the liquid free-surface and the wall moves horizontally away from x = 0, there is a concomitant bifurcation of the pressure profiles, with the maximum pressure subsequently obtained near the new point of minimum separation between the free surface and the wall. Figure 3 shows profiles at non-dimensional integer time steps, except for the final thicker solid profile which is shown just before touchdown. The thick dotted line is the profile at t = 0, the instant touchdown would have occurred in the absence of cushioning, while the solid lines correspond to profiles at positive times, indicating gas cushioning delays the impact of the liquid with the wall.
Results and discussion

Variation in condensation number C
As the value of C increases, the pressure build-up in the gas film additionally induces condensation from the gas into the liquid. As gas is removed from the gas layer, the resulting pressure build-up is less (note the different pressure scales in figure 3 ), resulting in a reduced deceleration of the liquid free-surface and a smaller pocket of trapped gas. For (c) C = 4, the free-surface curvature is negative throughout the preimpact cushioning and consequently a pocket of gas is not trapped, although the liquid is still decelerated prior to touchdown. In the experiments of [26] , who use water and its vapour as a proxy for LNG in sloshing model tests, the overpressure generated during impact rapidly condenses the gas fraction, which is in good qualitative agreement with the theory presented herein. The trapping of a pocket of gas during the impact of a non-volatile gas is consistent with an oscillatory pressure signal in post-impact, driven by oscillations in the volume of the trapped gas pocket [2] . In impacts of volatile liquids, post-impact pressure oscillations are reduced or damped completely as the volume of gas trapped in impact is reduced [26, 41] . From equation (14), increasing values of C correspond to increases in the characteristic normal impact velocity V , and, through the definition of ε, increases in the characteristic impact length scale R. Consequently, larger impacts at higher impact velocities are less likely to entrap gas, as in these cases, higher pressures induce more condensation. Therefore for wave impact with a vertical wall, as the impact size and velocity increases, the likelihood of mode (a) flip-through events (without gas entrainment), will increase, while mode (b) and mode (c) become less likely, as the gas necessary for flip-through in these modes will be condensed. To assess how changes in the value of C effect the area of gas pocket enclosed by the solid body, the liquid free-surface and the horizontal locations of the points of minimum separation between the liquid free-surface and the wall ±x p , we calculate
Gas is trapped in this region as the pressure gradient is zero at ±x p and consequently, while the position of the local pressure maximum can evolve over time, the horizontal gas velocity equation (17) implies there is no net gas flow relative to this point. Figure 4(a) shows the evolution of A(t) for a range of values of C, with the trapped area only increasing from zero once the liquid free-surface profile bifurcates. As expected the area of the trapped gas pocket decreases, with increasing values of C. For C > 0, the gas pocket area initially increases after the bifurcation of the liquid free-surface, before the area subsequently decreases due to condensation induced by the pressure build-up. The final gas pocket area at touchdown A p , as a function of C, is shown in figure 4(b) . This indicates that a gas pocket is not trapped for C 3.4. From the definition of C in equation (14), this gives a criterion on the formation of a trapped gas pocket, with a trapped gas pocket not being predicted for impact velocities
Further experimental investigation is necessary to determine the practical value of this criterion, which is illustrated graphically in figure 5 . However, for a wide range of length scales appropriate for sloshing impacts, gas entrapment is not predicted for characteristic impact velocities greater than 0.05 m s −1 (indicated by the horizontal dashed line in figure 5 ). The theory developed herein requires that the gas pressure p g → 0 as |x| → 0, and consequently it is not possible to maintain a net gas pressure gradient and a net gas mass flux across the cushioning region. Wave impacts with vertical walls ( figure 1(c) ), may involve a net gas flux in the cushioning region as an increase in gas pressure drives gas out of the developing cavity, and hence the extension of the model and equation (25) to incorporate such a flux is of potential future interest. In cases where a gas pocket exists, its horizontal extent in dimensional variables is determined by the horizontal length scale, with touchdown expected at
for a dimensionless pre-factor x p (C). This pre-factor takes a value of approximately 4 in the non-volatile case, and decreases with increasing values of C. For a fixed value of C, equation (26) predicts that the area of the trapped gas pocket will increase with the initial radii of curvature of the liquid free-surface, as this increases the length of the free surface which can interact with the wall through gas cushioning, and decreases with an increase in the normal impact velocity, as there is less time for the liquid free-surface to deform before impact. In non-volatile three-dimensional liquid-solid impacts, this scaling law has been experimentally verified across a range of velocity and length scales, ranging from solid bodies with radius of curvature of 0.5 m hitting an initially quiescent liquid [18] , to millimetre sized droplets [22] . Table 2 contains comparable scaling laws for the gas pocket volumeÃ p , characteristic gas layer heighth p , impact time delayt p , and the characteristic pressurep p . These relationships show that for a given value of C, the area of the gas pocket, its characteristic vertical height and the time delay prior to impact all increase with R and decrease with V , following the behaviour seen for the horizontal extent of the gas pocket. The characteristic impact pressure increases with both R and V , as larger, more violent impacts carry more momentum. Table 2 : The dependence on model variables on the characteristic radii of curvature of the liquid free-surface R, and the normal impact velocity V .
Variable Dimensional dependence
Gas pocket
Characteristic gas layer heighth p =Ã
The time evolution of the minimum separation between the liquid free-surface and the wall (left), and the maximum pressure (right), are shown in figure 6 for a range of values of C. The thick dash line in figure 6 (a) indicates the evolution of the minimum separation in the absence of cushioning, i.e. when the free surface maintains its initial shape f (x, t) = − the pressure build-up and the free-surface deceleration are less. The higher pressures associated with C = 0 are confirmed in figure 6 (b), which shows that at any time during the cushioning, the maximum pressure decays monotonically as the value of C increases.
Profiles of the mass flux due to condensation (top), the horizontal mass flux in the gas (middle), and the vertical velocity of the free surface (bottom), are shown in figure 7 for (a) C = 0, (b) C = 2 and (c) C = 4.
For figure 7(a), there is no mass flux across the interface as C = 0. As C increases the interfacial mass flux increases due to the pressure build-up in the gas layer driving condensation. For C = 4, it is noticeable that the profiles for the condensation mass flux and pressure (see figure 3(c, bottom) ), have bifurcated even when the corresponding free-surface profile retains a single global maximum throughout the pre-impact cushioning.
The horizontal mass flux along the gas layer is given bẏ
As C increases, there is a reduction in the variation of the mass flux between 0 and x p , with very little flow observed in this region for C > 0, compared to the non-volatile C = 0 case. For x > x p there is a horizontal gas mass flux away from the point of impact as the gas is moved out of the path of the oncoming LNG.
Additionally, there is less variability in the free-surface velocity for C > 0, which is consistent with the earlier observations of reductions in the pressures and the area of the trapped gas pocket. For x < x p , the gas pressure build-up locally decelerates the liquid free-surface, while for x > x p the liquid free-surface is locally accelerated towards touchdown. However, as the portion of the free surface with x > x p , is initially further away from the wall than the free surface at x = 0, the overall effect of gas cushioning is to delay impact. The maximum free-surface velocities occur close to the point of initial touchdown. For a non-volatile liquid, the maximum velocity of the free surface towards the wall may exceed the bulk velocity by a factor of 2.5.
While the volume of liquid moving with this higher velocity is small compared to the bulk, it may be a factor in the determination of the maximum local impact pressure. As C increases, both the decelerations and accelerations of the free surface decrease, as the gas pressure build-up induces interfacial mass transfer rather than decelerating the oncoming liquid. The effect of gas compressibility on an LNG-solid impact with C = 2, s(x) = 0 and (a) κ = 0, (b) κ = 2 and (c) κ = 8 is illustrated in figure 8 . By considering the relative position of the free-surface profile at t = 0 (the instant of touchdown in the absence of gas cushioning), it is evident that increasing values of κ result in less deceleration of the liquid free-surface. The smaller separations between the liquid free-surface and the wall result in higher pressures as κ increases (note the differences in the pressure scales in figure 8 ). There is some evidence of multiple touchdown points in the κ = 2 case due to local variations in the pressure profiles just prior to touchdown.
The effect of the fluid density ratio on LNG impacts was investigated by Yung et al. [40] , who conducted experimental sloshing tests for both non-volatile and volatile liquids. Boiling water was used as a proxy for LNG in volatile impacts, while a range of fluid density ratios where studied for non-volatile sloshing impacts by surrounding the liquid by gases of varying density. In the current framework, increasing the gas density, while the liquid density and other fluid properties remain constant has the effect of decreasing the value of C, while the value of κ is unchanged. Consequently, a denser gas has no impact on the compressibility of the gas, but it does condense less readily. To investigate LNG-solid impacts comparable to a tip of an LNG jet running up a tank wall towards the corner of a tank, the shape of the wall is varied by taking s(x) = α |x|. The symmetry of s(x) about x = 0 guarantees no-penetration of fluid through a vertical wall, which is assumed to exist at x = 0. The liquid is still inviscid to leading order, while the influence on the gas of a no-slip boundary condition due to the vertical wall at x = 0 is assumed to be negligible. In this configuration, the flow is equivalent to that induced by an impact with a symmetrical wedge with shape s(x) = α |x|. The case α = 0 corresponds to impact with a roof at 90
Impacts in alternative geometries
• to the vertical wall, while α > 0 increases the internal angle the roof makes with the wall.
Note that the lubrication approximation in the gas is retained, and so a non-dimensional gradient of the tank roof α = O(1), corresponds to an O(ε) dimensional gradient. However, with this restriction, the effect of small increases in the angle the tank roof makes with the tank wall are investigated. Figure 9 shows the impact of liquid with the corner of the tank for C = 2, κ = 0 and (a) α = 0, (b) α = 1 and (c) α = 2. Increasing the value of α reduces the horizontal extent of the gas cushioning region, as the angled roof reduces the length that lies within the interaction region for viscous cushioning. Consequently, the horizontal extent and volume of the trapped gas pocket falls with increasing values of α. At each time step, the maximum pressure also falls, as larger values of α increase the separation between the liquid and the tank roof.
Conclusions
A model of LNG-solid pre-impact cushioning with volatile fluid phases is presented within the viscous gas and inviscid liquid distinguished limit of Smith et al. [35] . Due to cushioning induced local pressure increases above the local saturation pressure, condensation from the gas to the LNG is predicted. Compared to an equivalent impact involving a non-volatile liquid, condensation acts to lower pre-impact pressures and reduce the effectiveness of impact cushioning by the gas. Consequently, the liquid is decelerated less prior to impact and therefore may result in higher post-impact pressures as less momentum is dissipated before impact. Flip-through impact modes, which required entrained gas, are also less likely when condensation is present, as the gas will be condensed prior to impact. The model is limited to the pre-touchdown cushioning stage of a liquid-solid impact and consequently is unable to predict the oscillatory pressure signals, which are observed after initial touchdown [26, 41] . However, the model is a useful predictive tool in determining the volume of gas trapped during cushioning. Scaling laws are proposed for the extent of any trapped gas pocket as a function of the impact parameters. A critical characteristic normal impact velocity is determined, and a pocket of trapped gas is not predicted at impact velocities greater than this. Extensions to the basic model illustrate how gas compressibility can be incorporated and how impacts in more complicated geometries can be simulated.
The use of the viscous gas and inviscid liquid distinguished limit of Smith et al. [35] bounds the applicability of the model to small and moderate LNG sloshing impacts. However, for impacts involving water, the full range of characteristic impact sizes seen in the scale model tests of [26] can be investigated. This is because inertia in the gas cushion is shown to be significant at leading order in larger-scale LNG sloshing impacts, while this term is less important in impacts involving water. As future work, gas inertia may be incorporated within the current modelling framework to investigate larger scale volatile impact cushioning, either by incorporating moderate inertia to an otherwise viscous thin fluid film following the approach of [34] or by adding phase change to the inviscid gas and inviscid liquid impact cushioning model of Wilson [37] .
